Background/Aims: A high surface-to-volume ratio and a spectrin membrane-skeleton (MS) confer to the mammalian red blood cells (RBCs) their characteristic deformability, mechanical strength and structural stability. During their 120 days of circulatory life in humans, RBCs decrease in size, while remaining biconcave disks, owing to a coordinated decrease in membrane surface area and cell water. It is generally believed that part of the membrane is lost with the shedding of spectrin-free vesicles of the same type that can be obtained in vitro by different treatments. If this were true, an excess of MS would arise in old RBCs, with respect to the lipid bilayer. Aim of this paper was to investigate this aspect. Methods: Quantification of spectrin by electrophoretic methods was carried out in RBCs of different age. Results: Spectrin decreases, on a per cell basis, with RBC ageing. On the other hand, the membrane raft protein marker flotillin-2, while decreasing in the membrane of old cells, was found to be strongly depleted in the membrane of in vitro-induced vesicles. Conclusion: Part of the membrane-skeleton is probably lost together with part of the lipid bilayer in a balanced way. These findings point to a mechanism for the in vivo release of membrane that is different from that which is known to occur in vitro.
Introduction
The proteins of mammalian red blood cells (RBCs) are among the longest lived intracellular proteins, as they are not subject to degradation and de novo synthesis in these non-nucleated cells. Therefore, they last for the entire life of the cell in the circulation, which amounts to several weeks (approximately 18 in humans). Based on this apparent stability, labelling of RBC proteins has been used as a tool for erythrokinetic studies. In a study in the rat aimed at evaluating whether labelling of membrane proteins would be superior to labelling of haemoglobin (Hb) (which was known to require correction for label elution), it was observed that RBC membrane proteins displayed a shorter half-life than that of the whole cell. It was thus proposed that RBCs might lose membrane surface area as they age in vivo [1] . Subsequent studies revealed that the 1% densest circulating human RBCs (corresponding approximately to RBCs in their last day of life) do indeed display a decreased surface area, of approximately 17%, and a decrease in cell volume, of approximately 25%, with respect to young RBCs, with the maintenance of a stable discoid shape [2] .
Parallel studies revealed that RBCs have the ability to release micro-and nano-vesicles under a variety of experimental conditions in vitro and during storage. The easiness with which RBCs respond by vesiculation to increases in intracellular Ca 2+ concentration, ATP depletion, heating or, under more physiological conditions, when faced with the activation of the complement system and to a certain extent can escape lysis by shedding vesicles that contain the membrane attack complex, corroborated the hypothesis that membrane loss by vesiculation is a physiological process associated with RBC ageing [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The properties of vesicles obtained in vitro by different methods have been described to vary with respect to protein and lipid composition, but there is a general consensus on the absence of the membrane skeleton (spectrin-free vesicles) [11, 16] . It is therefore natural to extend this notion and hypothesize that the same type of spectrin-free vesicles are lost with RBC ageing. Although there are reports in this sense [17, 18] , the question is still open, and no direct evidence exists for a spontaneous release of spectrin-free vesicles from ageing RBCs. Such process, by definition, would result in the selective release of lipid bilayer and the intrinsic protein component, and the retention of all membrane-skeletal constituents within the cell. Because this aspect was not considered in the past [1] , the aim of this work was that of quantifying the relative amounts of the intrinsic and extrinsic component of the membrane in human RBCs of different age, to infer a possible mechanism for the agedependent decrease in RBC size and concomitant maintenance of cell shape, one of the many questions of RBC physiology which are still unanswered.
Materials and Methods

Cell handling
Blood was drawn with informed consent from healthy human volunteers either from the department staff or from intern students, in Na-citrate or ACD-B anticoagulant. RBCs were purified from leukocytes and platelets as described [19] and treated with 5 mM diisopropylfluorophosphate as a serine protease inhibitor for 10 min at 25 °C as a 20% haematocrit (Ht) suspension in PBS [20] . RBCs of different densities were separated in polyarabinogalactan density gradients as described [21, 22] . RBCs of densities d=1.075, d=1.095 and d=1.110, as representative of, respectively, young, middle-age and old RBCs, were used for analyses of Hb, Ht, SDS-PAGE, and preparation of ghosts. Hb was quantified with the Drabkin's reagent according to the manufacturer instructions (Sigma-Aldrich S.r.l., Milan, Italy). Protein 4.1a/4.1b ratio was measured as a cell age parameter in each RBC subpopulation [22] . Ghost membranes were prepared according to Dodge [23] as detailed in [24] . Vesiculation was induced by treatment of RBCs with Ca 2+ -ionophore in the presence of Ca 2+ as described [4, 25] .
Electrophoresis, Western blotting and cholesterol assay
Laemmli SDS-PAGE [26] . Ghosts and vesicles were mixed with 0.5 vol of 3X SDS-PAGE sample buffer [50 mM Tris/HCl, pH 6.8, 35% (w/v) sucrose, 5% (w/v) SDS, 5 mM EDTA, 200 mM DTT, 0.01% (w/v) bromophenol blue]. Whole RBCs were processed according to [24] . Proteins were separated on 7% acrylamide isocratic mini-gels for protein 4.1a/4.1b quantification or 5-15% acrylamide linear gradient gels as described [27] .
Fairbanks SDS-PAGE [28] . It was adopted for separating ankyrin from β-spectrin in 3.5-17% (w/v) acrylamide exponential gradient mini-gels. Ghosts were mixed with one vol of reducing buffer [20 mM Tris/ HCl, pH 8.0, 2 mM EDTA, 2% (w/v) SDS, 20% (w/v) sucrose, 20 µg/ml pyronin Y, 80 mM DTT] and heated for 15 min at 60 °C. SDS-PAGE running buffer was here 40 mM Tris, 40 mM sodium acetate, 2 mM EDTA, pH 7.4 with acetic acid, 1% (w/v) SDS. Gels were stained first with 0.05% (w/v) Coomassie Brilliant Blue R-250 in 25% (v/v) isopropyl alcohol / 10% (v/v) acetic acid overnight, then incubated in 0.0025% (w/v) Coomassie blue in 10% isopropyl alcohol / 10% acetic acid for 6-9 h, and finally destained with 10% acetic acid.
Western blotting was performed as detailed elsewhere [24, 27] . Antibodies were diluted as shown in Table 1 with the appropriate buffer [24, 27] . For immunodetection the chemiluminescence kit ECL Prime (GE Healthcare, Milan, Italy) was used. Light emission was detected by using a Molecular Imager ChemiDoc XRS (Bio-Rad Laboratories, Milan, Italy). Band densitometry was performed with the software Scion Image (Scion Corporation, Frederick, MD, USA). Analysis by densitometry of the images acquired from the chemiluminescence signal from Western blots was performed with the same software, with the proviso that only semi-quantitative analysis was possible, as chemiluminescence signal is not linearly correlated with the amount of protein. Samples of purified vesicles and of lipids extracted from whole RBCs were analysed for cholesterol content as described in [29] . Table 1 . Primary and secondary antibodies used (at the dilution indicated in parentheses) for Western blotting in the present study 
Results
Spectrin content in RBCs of different age
Young, middle-aged and old RBCs were obtained in a number of experiments and characterized for their properties as shown in Fig. 1 . Samples of RBCs of the various cell ages were subjected to SDS-PAGE as whole cells to analyse their spectrin content. In each lane of the electrophoretic gels, the same number of cells was loaded by evaluating the Hb content of the RBC suspension before dissociation, under the well-supported approximation that Hb per-cell remains constant throughout RBC life [30] . A representative Coomassie-stained gel resulting from this procedure is shown in Fig. 2 in its entirety. It could be observed that α-spectrin and β-spectrin were very well resolved. Quantification revealed that α-spectrin in old RBCs was 89.5 ± 6.3 % (mean ± SD) of that in young RBCs and that β-spectrin in old RBCs was 80.3 ± 8.1 % (mean ± SD) of that in young cells (Fig. 3A) . The difference was statistically significant to the paired Student's t test, with p<0.05 in all cases.
Given the variability existing among different subjects in the yield and average cell age of dense RBCs, we asked whether there was a correlation between spectrin decrease in old RBCs and the cell age of the same subpopulation of old RBCs. Cell age was evaluated by measuring the 4.1a/4.1b ratio of the subpopulations of cells in separate runs of gels.
As shown in Fig. 3B , the lower was the total spectrin content in old RBCs, the higher was the 4.1a/4.1b ratio, and therefore the average cell age, of that same population of old RBCs. This correlation strengthened the notion that spectrin decrease was a cell-age related phenomenon, and it also helped exclude that it could be related to some artefact, such as membrane fragmentation during cell processing ex vivo [31] .
The results of this first quantification showed that the loss of β-spectrin exceeded that of α-spectrin in old RBCs (Fig. 3A) . The difference was statistically significant to a paired Student's t-test, with p < 0.001. Given the low dissociation constant of the spectrin heterodimer, it would be expected that the two isoforms decreased in parallel of the same amount [32] . A likely explanation was that ankyrin interfered with β-spectrin analysis, as the two proteins co-migrate in "Laemmli" type of SDS-PAGE. Therefore, the higher decrease in β-spectrin during RBC ageing could be only apparent and due, instead, to a superimposed decrease in ankyrin.
To verify this, samples were again run in "Fairbanks" type gels, which allow the separation of ankyrin from β-spectrin [28] . Differently from the "Laemmli" gels, in which whole RBCs were loaded, RBC ghosts were loaded here. One representative such "Fairbanks" gel is shown in Fig. 4 . Quantification of spectrin in "Fairbanks" gels confirmed the decrease of both spectrins during RBC ageing: the loss of α-spectrin from young to old RBCs was 12.8 ± 7.8 % (mean ± SD), a value similar to the one measured in whole RBCs with the "Laemmli" gels (10.5%), whereas β-spectrin decrease resulted to be about 12.3 ± 3.7 % (mean ± SD), much lower than the 19.7% measured with the "Laemmli" system, and comparable to the decrease in α-spectrin (Fig. 3C) .
These results confirm that a significant contribution of ankyrin decrease was superimposed to the decline of β-spectrin when measured with the Laemmli gel. Separate In trying to explain the observed reduction in the amount of spectrin from young to old RBCs, we asked whether spectrin could be intracellularly proteolyzed by looking for spectrin fragments possibly present in RBCs of increasing cell age. Results of this study will be the topic of a separate publication [33] . It will suffice to report here that while spectrin fragments of a wide spectrum of molecular masses were indeed present in RBCs, they represented a minute fraction of all spectrin and were membrane bound, not soluble in the cytoplasm. Most importantly, they did not increase with cell age.
Faced with the previously unnoticed decrease in membrane-skeletal components with RBC ageing and with the difficulty of explaining such decrease, we decided to better characterize the composition of the intrinsic portion of the RBC membrane in cells of different age, and in a model system of RBC-derived vesicles, induced by treatment with Ca 2+ /Ca 2+ ionophore, while focusing in particular on components characteristic of membrane rafts. As recently reported by us [27, 34] , previous analyses of membrane raft proteins have been invalidated by artefacts due to proteolysis, so that a number of such characterizations require careful reappraisal. We began by showing that a decrease per cell in the amount of stomatin and flotillin-2, two membrane raft markers, takes place as RBCs age (Fig. 5A) . Their decrease in the membrane of old RBCs was disproportionately higher than the decrease expected on the basis of the maximum loss in membrane surface area that occurs in the 1% densest (oldest) circulating RBCs, which was evaluated to amount to 17% [2] . We observed, instead, a decrease of approximately 36% for flotillin-2 and of 23% for stomatin (Fig. 5B) , in an average 8% circulating oldest RBCs (Fig. 1) .
To exclude that the decrease in the two proteins was overestimated because of their anomalously high level in the fraction of young RBCs, due, for instance, to an important contribution from reticulocytes or contaminating granulocytes, we examined whether there was a correlation between the amounts of stomatin and flotillin-2 and the levels of CD71 (transferrin receptor, as a marker of reticulocytes) or to what extent the two proteins were expressed in granulocytes.
In Fig. 6A it could be seen that flotillin-2 and stomatin contents in young RBCs (Y) from 4 different experiments were similar and totally unrelated to the content of CD71 from reticulocytes. Moreover, the contribution of neutrophil stomatin and flotillin-2 to the signal displayed by RBCs was negligible, as explained in the legend to Fig. 6A . However, as quantification of proteins from the chemiluminescence signal of an indirect immunoblotting is in principle not feasible, unless a calibration standard is run with known amounts of the protein under investigation, we applied here the principle of precaution and concluded that both stomatin and flotillin-2 decreased in a proportionate manner with the decrease in surface area that occurs during RBC ageing in vivo.
On the basis of these results we asked what was the modality of partitioning of stomatin and flotillin-2 between the cell membrane and the membrane of in vitro released vesicles. If the latter had the same properties of the membranous material that is lost during RBC ageing in vivo, an equal partitioning between membrane of cells and vesicles would be expected.
Thus, RBCs and vesicles released by treatment of cells with Ca
2+
-ionophore in the presence of Ca 2+ were probed for stomatin and flotillin-2 by Western blotting. The cholesterol content, as assayed in samples of cells and vesicles, was taken as the normalizing factor to ensure loading of the same membrane surface area and to allow comparing the levels of the two proteins in the samples [7] .
As shown in Fig. 6B , stomatin levels in the membrane of vesicles and in that of RBCs were comparable, when referred to cholesterol content, whereas flotillin-2 appeared to be strongly depleted in vesicles. This depletion did not appear to be due to proteolysis as there was no evidence of immunoreactive proteolytic fragments in Western blots. To exclude that an alteration in the epitope recognized by the monoclonal antibody consequent to Ca 2+ treatment could be responsible for the decrease of flotillin-2 in vesicles, the immunoblotting was repeated with a different antibody (mouse polyclonal anti-flotillin-2, 1:5000 dilution; cod. H00002319-B02; Abnova, Taipei, Taiwan). The same result was obtained (not shown).
Discussion
During enucleation of the late erythroblast that produces the reticulocyte, all the spectrin originally contained in the much larger precursor ends up in the reticulocyte by a very selective sorting process [35, 36] . The reticulocyte develops into a mature RBC by losing additional portions of the lipid bilayer, while spectrin density at the membrane increases further and contributes to the acquisition by the cell of the biconcave disk shape [35, 37, 38] .
According to the most recent view, maturing reticulocytes appear to lose the extra membrane with the formation of multivesicular bodies [39] [40] [41] . The net result is the decrease in surface area and the removal of no longer needed reticulocyte components. Again, spectrin is apparently spared by this remodelling process, although no dedicated study was carried out to clarify this point. The limit of this model is that it does not contemplate, as an active player in the process, the spleen, which is nonetheless essential for the normal maturation of reticulocytes and also for the continuous processing of mature circulating RBCs [38, [42] [43] [44] . Whatever the exact mechanism for removal of the excess lipid bilayer, this converts the reticulocyte into a mature circulating RBC, with an optimized ratio of lipid bilayer to the underlying membrane-skeleton.
If circulating RBCs were to shrink in size without losing the characteristic biconcave disk shape, they would have to lose portions of membrane surface area and cell volume in a coordinate manner, so as to maintain a surface-to-volume ratio that is approximately 1.36 times than that of a sphere having the same volume as that of the biconcave disk.
In order to achieve this result, two problems have to be solved. First, the decrease in membrane area would have to be accompanied by a differently generated decrease in cell volume. In fact, to change a young RBC of 135 µm 2 surface area into an old RBC of 112 µm 2 surface area [2] would require to lose approximately 325 vesicles having a diameter of 150 nm each (the average diameter of spectrin-free vesicles released by ATP-depleted cells, see for example [7] ). The corresponding volume that is lost with those vesicles amounts to a mere 0.58 µm 3 , corresponding to 0.61% of the young RBC volume. But the decrease in volume from young to old RBCs is approximately 25% [2] , and it must be generated by some other mechanism than the mere release of microvesicles. Incidentally, if the transition between young and old RBC occurred through the release of one single large vesicle of surface area equal to the difference between that of the two cells, the corresponding volume decrease would be approximately 10%, much larger than in the previous case, but still not sufficient for the maintenance of the natural discoid shape.
Second, the selective loss of parts of the lipid bilayer without the supporting skeleton that has been hypothesized to occur also during physiological RBC ageing through the release of spectrin-free vesicles, would result in an excess membrane skeleton inside the cell. The consequences of the latter phenomenon are not known.
Concerning the first point, the progressive loss of parts of the membrane alone (with or without membrane skeleton) would progressively turn the discocyte into a more spherical and less deformable cell. However, RBCs display, all along their life, a constant area-tovolume ratio [45] or a constant sphericity index [2] (this point is still debated but it does not change the fact that RBCs remain highly deformable thanks to their stable discoid shape).
As cell Na + and K + are the main determinant of cell water content and therefore cell volume [46] , one possible mechanism for volume decrease is via repeated and transient openings of the Ca 2+ -activated K + channel (Gárdos channel) [47] with loss of K + , the main intracellular monovalent cation, Cl -and osmotic water. One possible pathway for Ca 2+ entry is the mechanosensitive channels in the RBC membrane [48] . RBCs do become less deformable, eventually, because of an increase in cytoplasmic viscosity due to dehydration and increase in Hb concentration. Whatever the mechanism of membrane shedding during RBC ageing, this compensatory volume decrease must be extremely precise and synchronized with the decrease in membrane surface area.
Concerning the second aspect, the hypothetical release of spectrin-free vesicles in vivo would determine an increase in spectrin density in the cell. The question arises as to whether the excess spectrin would be able to further condense and find anchoring spots in the bilayer in order to still fulfil the task of efficiently supporting the membrane. If we trust the results obtained here, however, the problem is non-existing, because we observed that spectrin declines together with the lipid bilayer throughout RBC life. A proteolytic origin for the spectrin decrease seems unlikely. According to most recent and accurate proteomic studies, RBCs do indeed appear to contain components of the ubiquitin-proteasome pathway for protein degradation [49] , however, a fully functional 26S proteasome complex may not be present in mature RBCs [50] . A more likely explanation would be that in vivo spectrin is lost together with the bilayer by a different mechanism from that responsible for the release of spectrin-free vesicles in vitro. A hint may come from the other piece of evidence obtained in this work, i.e. the partitioning of the two membrane raft proteins, stomatin and flotillin-2 between the membrane of RBCs and vesicles, and their quantitative changes during RBC ageing in vivo. Whereas stomatin seems to maintain the same density in the membrane of in vitro-shed vesicles and in that of cells, flotillin-2 is strongly depleted in the vesicles, as if a mechanism existed for its retention into the cell membrane. If this was true, one would have expected a much lower decline of flotillin-2 in the membrane of old RBCs, where, instead, flotillin-2 seems to decline at least to the same extent as the decrease in membrane surface area that RBCs undergo in vivo.
A possible explanation that reconciles all the observations reported here is that in vivo RBCs lose portions of the membrane in the form of vesicles that contain membrane skeleton and lipid bilayer in a balanced way, so that no other mechanisms for their independent removal would be required. This could occur spontaneously and passively by the repeated squeezing though narrow capillaries or fenestrations of the splenic sinusoids or, more likely, by an active processing carried out by cells of the reticulo-endothelial system, in the spleen and other districts. The pinching off of regions of the membrane that are recognized as damaged or anomalous because of, for instance, the presence of precipitated, oxidized haemoglobin (Heinz bodies) could be the main purpose of the system ("the removal of a cherry stone without crushing the fruit." [37] ). We wonder whether there could be other, previously unrecognized routes through which adult mature RBCs lose their membrane, for example in the form of exosomes produced in the same way as during reticulocyte maturation with the formation of multivesicular bodies. It is known that membrane rafts, of which flotillin-2 is a selective component, are especially sorted in the exosomes destined for secretion in some cell types [40] . As much more information is becoming available on the trafficking of intracellular vesicles, on exosomes and autophagy, it would be worth exploring if any of these mechanisms could be at play as part of the RBC senescence process.
It has been proposed that the exosomal or vesicular material that is found in the plasma of normal subjects as originating from RBCs (glycophorin A-containing membrane) is generated by ageing RBCs [18] . However, after more rigorous scrutiny, this material cannot possibly be representative of the membrane that is lost during RBC ageing: if this were true, at steady state there should be between 15000 to 150000 more such membrane particles in plasma than the amount that it was described to be experimentally isolated at each given time [18] , as results from the following calculations. A young RBC of 135 µm 2 surface area will have to lose approximately 325 vesicles having a diameter of 150 nm to turn into an old RBC of 112 µm 2 surface area. Assuming that the vesicles are lost linearly in time, each RBC would lose 2.71 vesicles per day in each of its 120 days of circulatory life. The number of circulating RBCs in a normal subject with about 5 l of blood at 50% Ht is 2.5x10 13 . The total number of vesicles released per day is: 2.71 x 2.5x10 13 = 6.78x10 13 . They are all contained in 2.5 l of plasma (2.5x10 6 µl), therefore the vesicle concentration in plasma is: 6.78x10 13 / 2.5x10 6 µl= 2.7x10 7 vesicles/µl. This is 27 million vesicles per microliter each day. To have a steady state level of 170 vesicles/µl [18] implies that the 99.999% of the vesicles have to be eliminated each day from the circulation. The same conclusion is obtained assuming an average vesicle diameter of 500 nm. Could it be that these vesicles are ever even produced intravascularly? Could the few vesicles that can be recovered from plasma (170 vesicles/µl) be representative of those which are cleared? Wouldn't it be much simpler if the membrane that is lost by ageing RBCs is removed directly by an active process involving the splenic, hepatic and/or marrow macrophages? It is therefore questionable that the composition of the vast majority of membrane area extension that is lost with RBC ageing could be inferred from the composition of these few vesicles. The latter could as well be those vesicles that either were produced intravascularly or in haemocatheretic organs but through a different mechanism and, because of this, would have a different composition. Because of their properties and or compartment of production, they could have escaped the standard clearance mechanism that is responsible for the removal of the bulk of the "ageing membrane". In other words, human plasma would contain millions, not hundreds of circulating vesicles, if they were not removed almost entirely in the spleen, liver or bone marrow, where it is most likely that they are also produced.
It may be thought that what we call an old RBC is in fact a cell that has been kept in good health by the regular and continuous processing in the spleen that ensures the removal of damaged portions of the membrane. A similar scenario would defy our attempts to characterize those molecular features that determine the clearance of old RBCs, because they would be readily removed by the splenic "pitting" function [43] . The cell will get progressively smaller but, until it retains the discoid shape and a sufficiently low cytoplasmic viscosity, then it will be able to pass the quality control for another round in the circulation. What sets the pace of the ageing process would be the rhythm at which molecular damage shows up at the membrane, as oxidative wear and tear connected with the main function of the cell as oxygen carrier. It could also be speculated that what triggers the system for the final clearance is simply the crossing of a certain threshold of cell size and rigidity, when the now smaller and less deformable, but otherwise healthy RBC, will slow down in crossing the sinusoids allowing more time for the probing by macrophages. The phagocytes, by recognizing a combination of parameters such as size, deformability, the appearance of "eat me signals", perhaps a decrease in "don't eat me" signals (that were progressively lost as part of the previous processing), will now select the cell for removal and engulf it, this time as a whole cell, as opposed to only pinching off parts of its membrane [51] [52] [53] . These observations all concur to stimulate a reconsideration of the still largely unknown molecular and cellular mechanisms that regulate RBC senescence and clearance.
It is thus proposed that the spleen may be required not only for the proper maturation of reticulocytes, but also for that of the adult RBC, through mechanisms that cannot be reproduced in vitro because they require the active intervention of the splenic function, so that the RBCs could be cleared from the circulation before they become dysfunctional.
